The histone 2A variant macroH2A1.2 is expressed in female and male mammals and is implicated in X-chromosome inactivation and autosomal gene silencing. In undifferentiated and early differentiating murine embryonic stem (ES) cells a cytosolic pool of macroH2A1.2 has recently been reported and found to be associated with the centrosome. Here, we show that the centrosomal association of macroH2A1.2 is a widespread phenomenon and is not restricted to undifferentiated and early differentiating ES cells. By indirect immunofluorescence we detect macroH2A1.2 protein in a juxtanuclear structure that duplicates once per cell cycle and colocalizes with centrosomal ␥-tubulin in both XX and XY ES cells prior to and throughout their differentiation. MacroH2A1.2 localization to the centrosome is also observed in female and male somatic cells, both in interphase and in mitosis. Biochemical analysis demonstrates that the association between macroH2A1.2 and the centrosome in somatic cells is stable, as macroH2A1.2 copurifies with centrosomes isolated from human lymphoblasts. Therefore, in addition to a nuclear pool of macroH2A1.2 a fraction of the histone is associated with the centrosome in various cell types and throughout ES cell differentiation.
INTRODUCTION
Nucleosomes, the basic structural unit of chromosomes, are assembled from an octamer of the four core histones H3, H4, H2A, and H2B. A subpopulation of nucleosomes incorporating histone variants is thought to confer specialized functions on the individual chromosome domains in which they are located. The histone variant macroH2A1.2 resembles a core histone, structurally since its amino-terminal sequence is highly homologous to the conventional histone 2A and biochemically as it copurifies with nucleosomes [24] . However, the C-terminal region of the protein is not histone-like, and while it contains a putative leucine zipper motif its function is currently unknown [24] . The expression of macroH2A1.2 mRNA and protein in cells and tissues of both sexes and at various developmental stages indicates that macroH2A1.2 may have a broad role in chromatin modification [7, 19, 25, 27] . MacroH2A1.2 protein is diffusely distributed throughout the nucleus irrespective of the X-chromosome constitution of the cell [7, 19] . In addition, it accumulates into distinct macroH2A1.2-dense domains called macrochromatin bodies (MCBs), 2 a subset of which are found associated with the inactive X chromosome (X i -MCB).
X-chromosome inactivation is the process by which one of the two X chromosomes is transcriptionally silenced in the development of the female mammalian embryo, thereby achieving dosage equivalence for Xlinked genes between the sexes ( [18] ; reviewed in [12] ). A hallmark of X inactivation is a change in the higher order chromatin structure of the X i . MacroH2A1.2 concentrates on the inactive X chromosome, forming an X i -MCB in female mouse preimplantation embryos, in differentiating XX ES cells, and in female somatic cells [7, 8, 19] . It is also enriched in the transcriptionally silent XY body which forms by pairing of the X and Y chromosomes during the transient inactivation of the single X in the male germ line [13, 29] .
An essential molecular component of X inactivation is an untranslated RNA which is expressed from the Xist locus on the X chromosome and coats the X i [4 -6, 26] . In XX embryonic fibroblasts which carry a deletion of the Xist gene the X i -MCB is disrupted, indicating a link between Xist RNA and macroH2A1.2 [9] . Antibodies against macroH2A1.2 can coimmunoprecipitate XIST RNA [11] . However, the precise role of macroH2A1.2 in X inactivation is unknown.
Multiple non-X MCBs have been detected in both XX and XY cells [8, 13, 19, 29] . These non-X MCBs are usually associated with Hoechst-or DAPI-dense domains containing centromeric heterochromatin. We have also identified an X-independent macroH2A1.2-dense structure that does not coincide with DAPI bright staining [19] . This structure was present prior to X inactivation in both undifferentiated XX and XY ES cells. It persisted through early differentiation, up to day 7. At this point, early events of X inactivation such as association of Xist RNA with the X i , late replication of the X i , silencing of X-linked genes, and overall histone H4 deacetylation of the X i have occurred. After day 7 this X-independent macroH2A1.2-dense signal disappeared in XX and XY ES cells, concurrent with X i -MCB formation in XX cells.
In this study we have investigated the nature of the X-independent macroH2A1.2-dense domain in ES cells. In contrast to the X i -MCB and the multiple non-X i -MCBs, which are intranuclear and chromatin associated, this structure is extranuclear and corresponds to the centrosome. We present immunocytochemical and biochemical evidence for the continued presence of macroH2A1.2 at the centrosome throughout ES cell differentiation and in somatic cells of both sexes. The association of a histone protein with an extranuclear structure has been reported previously for histone H1. Intriguingly, H1 is present in structures related to the centrosome, namely in flagella of sea urchin sperm and also in cilia [20] . This striking parallel suggests that this novel histone variant has important additional roles that are currently not understood.
MATERIALS AND METHODS
Cell culture. The following mouse somatic cell cultures were used: C127, an XX mammary gland tumor cell line (gift from Dr. B. M. Turner, University of Birmingham Medical School, UK); Is1Ct and T37H, XX primary fibroblasts [10] ; MP, XY fibroblasts [22] ; and FSPE, XX female Mus spretus primary ear fibroblasts, and MSPL, XY male M. spretus primary lung fibroblasts (gifts from Drs. T. B. Nesterova and S. M. Duthie, MRC Hammersmith Hospital, UK). Cells were maintained as described previously [14, 10] . Human KE 37 lymphoblasts were grown as explained in Tassin et al. [30] .
The following mouse embryonic stem cell lines were used: PGK12.1, XX [21] , and Efc-1, XY (gift from Dr. A. G. Smith, Centre for Genome Research, Edinburgh, UK). ES cells were cultured on 0.1% gelatincoated tissue culture plates in DMEM containing murine leukemia inhibitory factor (LIF) as described by Penny et al. [26] .
A GFP-lamin B plasmid (gift from Dr. C. Dingwall, SKB, UK) was transfected into XX and XY ES cells using Lipofectamine reagent (Gibco, BRL).
Differentiation of ES cells. Differentiated cultures were generated by withdrawal of LIF from the ES medium as described by Mermoud et al. [19] . Cells were harvested at selected time points during differentiation and analyzed by indirect immunofluorescence.
Immunofluorescence methods. For indirect immunofluorescence trypsinized cells were pipetted onto Superfrost Plus Glass slides (BDH) and allowed to attach for 3-5 h. Slides were washed in PBS and processed by formaldehyde or methanol fixation. For formaldehyde fixation [7] , slides were fixed in 4% formaldehyde in PBS for 5 min at room temperature, quenched in 100 mM Tris, pH 8, 150 mM NaCl, 0.5% Triton X-100, washed in PBS, incubated for 5 min in PBS with 0.1% Tween 20 (PBS-Tw), and blocked with 5% nonfat dry milk. For methanol fixation, slides were incubated in Ϫ20°C methanol for 3-6 min, hydrated in PBS for 5 min at room temperature followed by a 5-min incubation in PBS-Tw. After being blocked in 3% BSA with 0.1% Triton X-100 in PBS in a humidified chamber slides were incubated for 1 h at 37°C or at room temperature with primary antibody diluted in blocking buffer. After three washes for 5 min at 37°C with PBS-Tw, the slides were incubated with secondary antibody for 30 min at 37°C, washed, and mounted in Vectashield antifade (Vector Laboratories, Burlingame, CA) containing DAPI. In double-label experiments primary antibodies were incubated either sequentially (Figs. 1-3) or simultaneously (Fig. 4) .
In somatic cells fixed with methanol the nuclear macroH2A1.2 signal appeared weaker than in formaldehyde-fixed cells. In contrast, the centrosomal signal was more obvious in methanol-fixed cells while the signal obtained with formaldehyde fixation was variable. Efficient detection of ␥-tubulin required fixation in methanol rather than formaldehyde. Data using methanol fixation are presented in all figures unless stated otherwise.
Primary antibodies used were affinity-purified rabbit polyclonal serum against the non-histone region of the macroH2A subtype 1.2 [7] , monoclonal anti-␥-tubulin (GTU-88; Sigma), anti-␣-tubulin (DM1a; Sigma), and GT335, a monoclonal antibody recognizing polyglutamylated tubulin [31] . Secondary antibodies were purchased from Molecular Probes (Alexa 594 anti-rabbit) and from Vector Laboratories (FITC anti-mouse). We have confirmed the specificity of macroH2A1.2 colocalization with the centrosome by blocking the antibody with an excess of glutathione S-transferase-macroH2A1.2 non-histone-region fusion protein used to generate the antibody. Preincubation of the antibody with the purified protein was performed as described by Zheng et al. [32] .
Images were acquired on a Leica DMRB fluorescence microscope equipped with a Photometrics CCD camera using Smartcapture Software (Vysis Ltd.) or with an Axiovert 100 microscope (Zeiss) using a MicroMax 5-MHz camera (Princeton Instruments, Inc.). Image stacks were deblurred by blind deconvolution with AutoDeblur software (AutoQuant Imaging, Inc.). Three-dimensional reconstructions were made with MetaMorph software (Universal Imaging Corp.). Staining of purified centrosomes was imaged on a Leica DMRXA microscope controlled by MetaMorph software (Universal Imaging Corp.).
Centrosome and extract preparations. Centrosomes were isolated from KE 37 cells as previously described [3, 16] . Briefly, cells were pretreated with microtubule inhibitors before lysis, the lysate was spun, and the supernatant was treated with DNase 1 and separated by centrifugation through a sucrose step gradient. Gradient fractions highly enriched for centrosomes were selected and analyzed by Western blotting and after spinning onto coverslips by indirect immunofluorescence.
Soluble and insoluble protein fractions were prepared as follows [30] : KE37 cells were washed in PBS and lysed in PHEM buffer (45 mM Pipes, 45 mM Hepes, 10 mM EGTA, 5 mM MgCl 2 adjusted to pH 6.9, and 1 mM PMSF) containing 1% Triton X-100 and protease inhibitors. Insoluble proteins were pelleted by centrifugation at 300g for 10 min, solubilized in SDS-PAGE sample buffer, and boiled for 5 min. Soluble proteins were precipitated from the supernatant with 9 vol of methanol at 4°C for 1 h, then pelleted and resuspended in the same volume of sample buffer as used for the insoluble fraction.
RESULTS

MacroH2A1.2 Accumulates at the Centrosome in Undifferentiated ES Cells
In both undifferentiated XX and XY ES cells macroH2A1.2 protein is diffusely distributed throughout the nucleus and in addition accumulates in a single, large, X-independent macroH2A1.2-rich domain at the nuclear periphery ( [19] ; Fig. 1A, column 1) . As ES cells have a thin cytoplasmic layer the nuclear membrane is close to the plasma membrane, making it difficult to determine whether a signal detected at the nuclear periphery is nuclear or cytoplasmic. To establish the precise location of the peripheral macroH2A1.2-dense region with respect to the nuclear membrane we introduced a GFP-lamin B construct into undifferentiated ES cells (Fig. 1A, column 2 ). When these cells are stained with an affinity-purified antibody specific for the non-histone region of macroH2A1.2 [7, 8] it can be seen clearly that the macroH2A1.2-rich domain in ES cells is extranuclear. This was further verified by deconvolution microscopic analysis of single optical sections and was seen in both XX and XY ES cells (Fig. 1A , column 3 and data not shown). This macroH2A1.2-rich domain duplicated during the cell cycle as shown by the presence of two separate signals at the focus of the mitotic spindle (Fig. 1B) . This, together with its peripheral localization is reminiscent of the behavior of the centrosome. Therefore, a double immunostaining was performed using a monoclonal antibody directed against an established centrosomal marker, ␥-tubulin (Fig. 1C, column 2) [32] . The two proteins clearly colocalize as indicated by the overlap of the two signals in a single optical section (Fig.  1C, column 3 
Centrosomal Localization of MacroH2A1.2 Persists throughout ES Cell Differentiation
At early stages of XX ES cell differentiation, up to day 6, we observed a single, large extranuclear macroH2A1.2-dense domain in the majority of cells. This signal consistently colocalized with ␥-tubulin ( Fig.  2A) and demonstrates that the non-X-associated signal we described previously [19] is in fact at the centrosome. We find that this centrosomal signal persisted at later stages of differentiation, after an additional nuclear signal developed (Figs. 2B-2E ). The nuclear MCB is X i -associated as macroH2A1.2 colocalizes with Xist RNA after day 7 of differentiation [19] .
The detection of centrosomal macroH2A1.2 signal after day 7 of differentiation is facilitated by the use of methanol rather than formaldehyde as a fixative. The centrosomal signal appears to decline during differentiation if formaldehyde fixation is used [19] , suggesting that methanol fixation can preserve the centrosomal association better than formaldehyde fixation. Therefore, we went on to compare the number of XY Efc-1 cells displaying a macroH2A1.2-dense domain in formaldehyde-or methanol-fixed cells over a 20-day differentiation time course (Table 1) . As observed earlier, in formaldehyde-fixed cells the macroH2A1.2-dense signal disappeared over time (Table 1 and [19] ). In contrast, in methanol-treated cells the accumulated non-X-macroH2A1.2 signal persisted and was detectable in the majority of cells throughout differentiation. A double-labeling with ␥-tubulin confirmed that this signal corresponded to the centrosome (data not shown). Thus, a fraction of the total macroH2A1.2 pool is localized at the centrosome in both undifferentiated and differentiated XX and XY ES cells.
MacroH2A1.2 Colocalizes with the Centrosome in Somatic Cells
To investigate whether macroH2A1.2 centrosomal localization occurs in somatic cells we carried out a simultaneous analysis of tubulin (either ␥ or ␣) and macroH2A1.2 localization in three primary fibroblast XX cultures (FSPE, Is1Ct, and T37H). As in ES cells a fraction of the total macroH2A1.2 pool displayed a clear centrosomal localization throughout the cell cycle. In addition there was a diffuse nuclear distribution and accumulation into an and data not shown). For example, in 75% of cells two separate macroH2A1.2-dense domains were clearly detectable, one of which colocalized with the centrosome (FSPE, n ϭ 135). In control experiments the preabsorption of macroH2A1.2 antibody against purified antigen eliminated the macroH2A1.2 antibody signals, including signal on the centrosome in methanol-fixed cells (data not shown).
In male cell lines we detected a single, cytoplasmic macroH2A1.2 signal which is centrosomal, as an overlay with ␥-tubulin showed colocalization (Fig. 3D and  data not shown) .
We have previously shown that the mammary tumor cell line C127 lacks an X i -MCB but has a single non-X-associated macroH2A1.2-dense region [19] . While before it was not clear whether this structure is equivalent to that seen in undifferentiated and early differentiating ES cells, we show here that it colocalizes to the centrosome (Fig. 3C) .
Biochemical Evidence for a Centrosome Association of MacroH2A1.2
To confirm our immunocytochemical observations a biochemical analysis of the cellular distribution of macroH2A1.2 in somatic cells was performed and compared to ␥-tubulin, a genuine centrosomal marker. Triton X-100-soluble and -insoluble fractions and centrosomal proteins were prepared from human lymphoblasts and analyzed by Western blotting. Detergent treatment failed to solubilize the bulk of macroH2A1.2 protein, consistent with the protein being associated with chromatin and centrosomes (Fig. 4A , compare lane S, soluble fraction, with lane I, insoluble fraction). In purified centrosomes prepared using conventional methodology a significant level of macroHA1.2 protein could be detected (Fig. 4A,  lane C) . The same blot reprobed for ␥-tubulin verified that the isolated centrosomes were highly enriched in centrosomal proteins (Fig. 4B, lane C) [30] . The distribution of macroH2A1.2 is consistent with the immunocytochemical detection of a portion of the histone being associated with centrosomes in somatic cells.
Isolated centrosomes were sedimented onto coverslips and double-immunofluorescence was performed using an antibody specific for macroH2A1.2 and an antibody which recognizes polyglutamylated tubulin (GT335). As shown in Fig. 4C , GT335 labeled the two centrioles [31] . MacroH2A1.2 staining was restricted to discrete structures closely associated with the centrosome. The staining was often associated more intensely with one of the two centrioles (examples are marked with arrows). However, no direct colocalization with GT335 was observed, suggesting that macroH2A1.2 is more likely associated with the pericentriolar material rather than with the centrioles.
DISCUSSION
In this study we have presented evidence that the histone protein macroH2A1.2 is not only confined to the nucleus but in addition exists in a cytoplasmic pool residing at the centrosome in a wide range of murine and human cell types (ES, somatic, germ cells; this report and unpublished observations). We consider this to be a general phenomenon as so far we found no cells without macroH2A1.2 at the centrosome.
Using an affinity-purified antibody specific for macroH2A1.2 for coimmunolocalization of macroH2A1.2 with centrosomal proteins such as ␥-and ␣-tubulin we observed centrosomal localization throughout the cell cycle. Colocalization was seen in both XX and XY cells and is therefore independent of X chromosome constitution. Importantly, the centrosomal staining was eliminated by competing antigen and thus appears to be specific. While this work was going on a related study reported the detection of macroH2A1.2 associated with the centrosome in undifferentiated and early differentiating ES cells [28] . Here we show that macroH2A1.2 association with the centrosome is not restricted to undifferentiated or early differentiating ES cells, but is also present in late differentiating ES cells and somatic cells. One reason the centrosome association of macroH2A1.2 was not previously detected in differentiated ES cells and somatic cells may be that the immunocytochemical visualization of macroH2A1.2 at the centrosome is sensitive to the method of fixation. For example, in late differentiating ES cells and in somatic cells centrosomal staining was clearly visible using methanol, yet less readily detectable using formaldehyde. In contrast, up to day 7 of ES cell differentiation and in the mammary tumor cell line C127 macroHA1.2 was equally detectable on the centrosome in both methanol-and formaldehyde-fixed cells. The sensitivity of the centrosomal macroH2A1.2 signal to fixation may reflect a genuine biochemical difference in the association of the protein with the centrosome in different cell types. We have confirmed the stable association of macroH2A1.2 with the centrosome by a method which is totally independent of fixation, detecting macroH2A1.2 in centrosomes purified from somatic cells.
A structural feature of macroH2A1.2 is a putative leucine zipper motif in the non-histone domain which could play a role in specific protein-protein interactions [24] . In this respect, macroH2A1.2 is similar to several centrosomal proteins that have stretches of predicted coiled-coil structure. It is plausible that the non-histone domain of macroH2A1.2 may be involved in interactions with proteins resident at the centrosome and thus in recruitment and retention of macroH2A1.2 to the centrosome. The centrosome comprises a pair of centrioles surrounded by dense, amorphous pericentriolar material (PCM), which nucleates and organizes microtubules (reviewed in [1, 33] ). On isolated centrosomes we detected macroH2A1.2 in the close vicinity of the centrioles, suggesting that it is associated with the PCM.
A key question is what the role of macroH2A1.2 at the centrosome is. Our data indicate that macroH2A1.2 function on the centrosome is not restricted to undifferentiated or early differentiating ES cells as has recently been suggested [28] . MacroH2A1.2 could have a general centrosomal role that remains to be established. Frequently more intense macroH2A1.2 staining was detected in the vicinity of one of the two centrioles. The two centrioles are known to differ structurally and biochemically from each other partly due to the semiconservative nature of centrosome replication [15, 17, 23] . Our observation raises the possibility of an involvement of macroH2A1.2 in the maturation of the centrosome during the cell cycle. Another histone, H1, has been found in a centriole-related structure, the sea urchin sperm flagellum. The function attributed to histone H1 in this case is to stabilize axonemal microtubules [20] . Since the accumulation of macroH2A1.2 at the ES cell centrosome required an intact microtubular system ( [28] ; our unpublished results) it is possible that macroH2A1.2 binds to microtubules and/or stabilizes centrioles.
Alternatively, macroH2A1.2 may be another member of an expanding group of proteins that have been identified at the centrosome but appear not to be involved in centrosome function (reviewed in [33] ). Among them are regulatory proteins such as kinases, phosphatases, molecular chaperones, and proteins of the degradation pathway. This list indicates that centrosome-associated activities may include processes other than microtubule nucleation. The association of macroH2A1.2 with the centrosome may be a means whereby segregation of the protein into daughter cells at mitosis is ensured. Another possibility is that the centrosome functions as a storage site for macroH2A1.2 until the time of X inactivation, when it is known to accumulate on the X i [28] . This type of regulation of protein function by sequestration to a subcellular compartment in which it does not normally function has been recently observed for several proteins (reviewed in [2] ). However, we detect centrosomal macroH2A1.2 signal not only before but also during and after the formation of the X i -MCB formation. This observation per se does not support a simple relocalization hypothesis. Nevertheless, it remains to be answered whether the amount of centrosomal macroH2A1.2 decreases during the process of X i -MCB formation. A mechanism involving redistribution of macroH2A1.2 from the centrosome into the nucleus might involve not only the X chromosome but also other autosomal sites where macroH2A1.2 incorporates. Since macroH2A1.2 is implicated in gene silencing, relocalization of the histone could provide a link between remodeling of chromatin and mitosis.
